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ABSTRACT 
 Reproduction in flowering plants is thought to be most heavily influenced by patch level 
display. In the present study, patch level display was measured as both the display size (number 
of flowers) of a focal plant and the density of conspecific (of the same species) neighbors around 
a focal plant. Conspecific neighbors may facilitate reproduction when they increase the number 
of visits by suitable pollinators to a focal plant. In contrast, competition may result when the 
presence of neighbors decreases visits to individual plants by limited pollinators, or when 
resources such as soil nutrients and water are limiting. In this study, the effects of flower density 
at the individual level, and conspecific neighbor density at the patch level, on the reproductive 
success of focal individuals in a sub-alpine population of Thermopsis divaricarpa (Golden 
Banner) were measured. In addition, the flowering phenology (temporal flowering period), the 
distribution of individuals throughout the population, and the self-compatibility of these plants 
were measured to better understand the flowering biology of this system. The flowering 
phenology in this population of T. divaricarpa showed high synchrony, and plants demonstrated 
an aggregated distribution. Both measures indicate that the presence of co-flowering neighbors, 
and their potential effects, is common in this system. In addition, this population of T. 
divaricarpa is self-compatible, but my results indicate that pollination is important for 
maximizing seed set. The results of the density experiments indicate higher fecundity, but not 
facilitation per say in individuals with larger display sizes, as indicated by total seed output, but 
not by the number of seeds per fruit. In contrast, an increase in conspecific neighbor density 
resulted in a trend towards competition as plants experienced a decrease in fruit set with an 
increase in the number of conspecific neighbors in a patch. This study provides a foundation for 
continued research into the mechanisms driving reproduction in sub-alpine flowering plant 
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populations. Understanding these mechanisms is important for species conservation, specifically 
in fragmented and degraded habitats, and for potentially threatened or endangered plant species. 
 
INTRODUCTION 
 For flowering plants, the floral morphology, color, and rewards (nectar and pollen) 
influence the types of pollinators that they attract, and the plants’ relative fitness, as measured by 
fruit and seed set (Caraballo-Ortiz 2011; Yang et al. 2011). For example, tubular red flowers 
with high nectar rewards may be most visited and effectively pollinated by hummingbirds (Kohn 
and Waser 1985), whereas flowers with complex floral structures, nectar guides (patterns on a 
flower that guide pollinators to rewards) and an emphasis on pollen as a reward may be most 
visited and effectively pollinated by bumble bees (Fenster et al. 2004).  Still, the relative fitness 
of a flowering plant, as measured by the number and identity of visitors to a flower (Mitchell et 
al. 2004), quality of pollen delivered (Moeller 2004) and the plant’s reproductive output (Roll et 
al. 1997), may be most fundamentally influenced by floral display at the patch level (Gunton and 
Kunin 2009; Dauber et al. 2010). The presence and density of conspecific neighbors at the patch 
level, as well as the flower density of an individual, have, for example, been shown to have a 
strong influence on reproduction in many flowering plants (Roll et al. 1996; Mitchell et al. 2004; 
Feldman 2008; Dauber et al. 2010). Both soil nutrient availability and pollinator availability 
influence these interactions. Soil resources for example, have been shown to limit both the 
number of flowers an individual produces, and the number of seeds that are produced in mature 
fruits (Campbell and Halama 1993). Increasing soil nitrogen has been shown to increase plant 
size and flower number, indirectly increasing pollinator visitation rates to a plant, indicating a 
bottom up resource limitation in flowering plants (Burkle and Irwin 2010). 
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 The presence of neighbors, either conspecific (same species) or heterospecific (different 
species) can facilitate successful pollination, or can decrease a plant’s fitness through an increase 
in competition for pollinators or resources. Facilitation occurs when the presence of neighbors 
attracts a greater abundance of suitable pollinators to a patch, allows pollinators to be more 
efficient at foraging, or increases the likelihood that a plant will receive pollen from conspecific 
individuals (Roll et al. 1996; Severns 2002; Calvino 2010; Caraballo-Ortiz 2011). In contrast, the 
presence of neighbors can lead to competitive interactions when neighbors compete for a limited 
number of available pollinators (Gunton and Kunin 2009; Flanagan et al. 2010), or when plant 
related resources are limiting (Halenurm and Schaal 1996; Burkle and Irwin 2010). 
 Facilitative and competitive interactions shape plant communities and vary in intensity 
according to population size (Severns 2003; Klank et al. 2010), patch density (Roll et al. 1997), 
neighbor identity (Ghazoul 2006; Flanagan et al. 2010), and resource availability (Helenurm and 
Schaal 1996). In addition to the factors known to affect the types of interactions that emerge 
from changes in patch level display, measured as both the number of flowers on an individual, 
and the density of neighbors in a patch, the level of phenological synchrony, the distribution of 
plants in a population, and the level of self-compatibility in this system could all influence the 
importance of neighbor densities and their impacts on plant fitness. The degree to which 
individuals may benefit or pay the cost associated with the presence and density of neighbors 
may be influenced by the level of phenological synchrony in flowering time of conspecific 
individuals within the population. Additionally, the distribution of conspecific individuals 
throughout the population may be indicative of the levels of within species facilitation or 
competition that is typically experienced. Finally, self-compatibility may help to increase the 
benefits incurred by larger individual displays when an increase in neighbor density leads to 
- 4 - 
 
facilitation, or it may buffer the negative effects of competition when high neighbor densities 
decrease the reproductive output of an individual.  
In the present study, I evaluated whether an increase in the display size of individual 
plants and in the density of conspecific neighbors within a patch led to facilitation or competition 
within a sub-alpine population of golden banner, Thermopsis divaricarpa (Fabaceae). In 
particular, whether display size at the individual or patch level led to facilitation or competition 
was determined by comparing changes in the number of flowers on an individual and the number 
of conspecific neighbors in a patch to the number of fruits and seeds per fruit that were produced, 
and the total seed set of a focal plant. To establish a context to interpret the results of the density 
experiments I also determined the flowering phenology, distribution of individuals, and the self-
compatibility of golden banner in this population. 
  As pollinators searching for a patch in which to forage are seeking out the most reward 
for the least amount of effort (Mitchell et al. 2004), I predicted that greater seed sets will be 
associated with individuals that have larger display sizes. In a study with Cirsium purpuratum 
(Asteraceae), Ohashi and Yahara (1998) found an increase in pollinator visits to individuals with 
larger displays, providing a mechanism to increase seed set in plants with a greater density of 
flowers. Additionally, Severns (2003), studying Lupinus sulphureus ssp. Kincaidii (Fabaceae), 
known to be an obligate outcrossing species (cannot self-pollinate) found an increase in fruit set 
as the number of racemes (flowering stalks) on an individual increased, demonstrating a positive 
density effect on decreasing pollinator limitation within individual displays. The effects of 
neighbor density on the fitness of a plant are more variable and it is expected that if greater 
neighbor densities lead to facilitation, then fitness related traits, such as the number of fruits and 
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seeds produced, will increase, whereas if the presence of neighbors increases competition, then 
fitness related traits will decrease. 
 
METHODS 
Study Species and System 
The genus Thermopsis consists of 10 species that are widespread in the western and 
southeastern United States, with three of these species found spatially segregated along an 
altitudinal gradient in the Rocky Mountains (Chen et al. 1994). The focal species for the present 
study, T. divaricara, is a perennial ‘golden banner’ legume found primarily in mesophytic 
montane locations (Chen et al. 1994). The common name ‘golden banner’ describes the large 
racemes of bright and showy yellow flowers (Figure 1). Each T. divaricarpa individual has 
between one and four racemes, possessing between two and twenty-three flowers each (personal 
observation). The fruits emerge from senesced flowers in mid-summer. The root growth habit of 
T. divaricarpa can either be a woody root stock or rhizomatous (Chen et al. 1994). The 
population in the present study consisted of individuals with woody root stocks (see phenology 
section below), but it is likely that rhizomatous growth and reproduction also occur in this 
population due to the dominance of T. divaricarpa throughout the meadow (personal 
observation; Figure 2) and the known potential for such a habit (Chen et al. 1994). 
The present study was conducted at the University of Colorado Mountain Research 
Station, 40 kilometers west of Boulder, CO. The study site, Elk Meadows, is an upper montane 
meadow located at 3,022 meters in elevation in the Front Range mountains (GPS coordinates: 
40
o
 01’ 51.89” N; 105o 32’ 23.56” W) (Figure 3). The total area of the meadow is 14,760 m2, and 
is divided into northeast and southwest sections by intermixed conifer and aspen forest, with a 
small path connecting the two. Grasses and forbs (flowering herbaceous plants) comprise the 
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diversity of plants within Elk Meadows. Generally, the forbs are most dominant from early to 
late summer, followed by the grasses becoming more apparent towards the fall when most of the 
flowering forbs senesce (data not shown).   
 
Phenology and Spatial Distribution 
 To determine the flowering phenology of T. divaricarpa, five 30 x 2 meter plots were 
established within the study site. These plots were placed haphazardly and were meant to 
encompass the variety of available microhabitats within the meadow. Beginning on June 4, 2011, 
plots were surveyed on a weekly basis (every six to seven days) and the number of T. 
divaricarpa individuals that were flowering within each plot was counted until all individuals in 
the plots had set fruit and senesced flowers. Racemes sharing a common rootstock were counted 
as one individual, and individuals were included in the surveys if at least one flower had both 
keel, a petal suitable for pollinators to land, and petals fully expanded, indicating that the flower 
was receptive to pollinators. 
To determine the distribution of individuals in this T. divaricarpa population, a Frisbee 
was tossed haphazardly 40 times within Elk Meadows during peak flowering, and individuals 
were counted within a 1.5 meter radius around the Frisbee to obtain an index of dispersion value, 
a quantitative measure of the distribution of individuals within the population. The index of 
dispersion for the population was calculated as the variance in the number of individuals divided 
by the mean number of individuals for each 7.07 m
2
 quadrat (s
2
/mean). Total population size was 
determined using the same quadrats and a simple equation, N=(A/a)*n; where N=total 
population size, A= the total area of the study site, a=the area of the quadrat, and n=the number 
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of individuals within the quadrat 
(http://facultyfiles.deanza.edu/gems/heyerbruce/3cEstimatingPopulationSizeDi.pdf). 
 
Test for self-compatibility  
 To determine whether T. divaricarpa is self-compatible, racemes of 10 individuals were 
bagged with fine-mesh netting prior to flowering to prevent pollinators from accessing flowers.  
The bags were left in place until flowers senesced or produced fruit. The number of fruits, seeds 
per fruit, and total seed set were counted per individual following the methods outlined below. 
 
Effects of individual flower and neighbor density on fecundity 
To study the effects of individual flower display and conspecific neighbor density on 
reproductive success, thirty-six focal plants were haphazardly chosen throughout the meadow, 
immediately prior to peak flowering. The number of conspecific neighbors within a 1.5 meter 
radius (total area = 7.07 m
2
) around each focal plant was then counted, and a 1m tall dark green 
bamboo pole was placed immediately adjacent to each focal plant. Dark green was chosen to 
blend in with the vegetative structures of T. divaricarpa and the surrounding grasses and forbs, 
so as not to influence pollinator behavior (Fenster et al. 2004; Forrest and Thomson 2009; Figure 
4). The number of conspecific plants within each 7.07 m
2
 circular quadrat was counted and 
ranged from 1 to 70 (N=36, mean=24.4), not including the focal individual. Most quadrats had 
less than 40 conspecific neighbors. To obtain the most accurate conspecific neighbor number, 
which could influence the pollination biology of a focal plant, only neighbors with visible 
flowers were counted. As in the phenology experiment, racemes sharing a common rootstock 
were counted as one individual. 
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 Focal plants were monitored once per week for flower senescence and fruit set. When a 
plant had mature fruits and exhibited no more flowers, the number of racemes, fruits, and the 
total number of flowers were counted. Total number of flowers for each plant was calculated by 
summing the number of fruits produced and the number of senesced flowers, as indicated by 
petiole scars on each raceme.  
Mature fruits were collected, and the number of seeds produced was recorded in the lab 
(Severns 2003; Klank et al. 2010). Filled seeds were indicated by areas in the fruit that, when 
held up to light it was not possible to see through the fruit. The seed set for a given fruit was 
determined as the number of filled seeds within each fruit.  
 For analysis, the mean number of filled seeds per fruit was calculated, along with the 
total number of filled seeds per focal plant. Total seed number was calculated by summing up the 
number of filled seeds from each fruit on a focal plant. The number of senesced flowers was 
calculated as a proportion of all flowers on an individual that did not produce fruits, so as to 
quantify the proportion of fruits that were aborted. Fruits that were light blue in color and 
pubescent, with no filled seeds were not included in the analysis due to the likelihood that they 
had not had sufficient time to fill. 
 To determine whether facilitation or competition occurs as the density of conspecific 
neighbor’s increases, I quantified the percentage of fruits aborted, the total number of fruits 
produced, the number of filled seeds per fruit, and the total number of seeds per focal plant. I 
used single linear regressions (R; R-project.org) to examine the relationship between display-
associated variables (number of flowers on an individual and conspecific neighbor density) and 
each reproductive variable (fruit production, seed set, and the number of aborted fruits).   
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RESULTS 
Phenology and Spatial Distribution 
 Elk Meadows was mostly snow-free by June 4, when the first phenology survey was 
conducted. The first flowering of T. divaricarpa occurred on June 18 (ordinal date 169). The 
initial burst of flowering was pronounced with a total of 25 individuals displaying at least one 
fully open and reproductive flower on this date. Thermopsis divaricarpa reached a peak in 
flowering 18 days later on July 6, with 646 flowering individuals. The last flowering individual 
was recorded on August 3 (Figure 5). 
Haphazardly sampled quadrats had an average of 27.5 (+/- 15.53 SD) conspecific 
individuals per 7.07 m
2
 circle. The estimated index of dispersion was 9.38, indicating an 
aggregated distribution. In other words, individuals were clumped together forming dense 
patches, rather than being evenly or randomly distributed throughout the meadow. The total 
estimated population size was 10,623 individuals. 
 
Test for self-compatibility 
During the self-compatibility experiment, 8 of the 10 bags were lost or torn open, and 
were thus omitted from the analysis. In the two fully bagged flowers that remained, about 15% of 
flowers produced fruit while the rest were aborted by the plants. This is in contrast with 69% of 
flowers producing fruit in plants open to pollinators (see data below). These results suggest that 
some degree of self-compatibility exists in T. divaricarpa, but future research will be needed to 
determine to what extent geitonogamy, the ability to self-pollinate, limits seed set. 
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Effects of individual flower and neighbor density on fecundity 
 The number of racemes, and flowers per individual were highly correlated (R
2
 = 0.6877; 
p < 0.0001), implying that the number of racemes increases the number of flowers per individual. 
In turn, the number of flowers per individual was positively and linearly correlated with the 
number of fruits aborted (Table 1), as well as with the proportion of fruits aborted, supporting 
the hypothesis that plants with more flowers abort more fruits than plants with smaller flower 
displays (Figure 6). The number of flowers per plant was also positively correlated with the 
number of fruits produced per individual (Figure 7, Table 1), although not with the number of 
seeds per fruit. Additionally, the number of flowers was positively correlated with the total 
number of seeds produced on a focal plant (Figure 8). 
 Conspecific neighbor density had no effect on the proportion of fruits aborted, although 
there was a marginally significant negative relationship between neighbor density and the total 
number of fruits produced by a focal individual (Figure 9; Table 1). The density of conspecific 
neighbors was not correlated with the number of seeds per fruit, or the total number of seeds on a 
focal plant (Table 1). 
 
DISCUSSION 
The spatial structure, flowering schedule, and both relative and absolute density of 
conspecific neighbors influence reproductive patterns within a population (Aizen and Feinsinger 
1994; Helenurm and Schaal 1996), and these mechanisms are possibly strongest at the patch 
level (Dauber et al. 2010). Here, I assessed the relationship between the density of flowers on an 
individual and local conspecific neighbor density on individual reproductive success at the patch 
level, within a population of T. divaricarpa. My results show that flower density per individual is 
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positively correlated (i) with the proportion of flowers that aborted fruit, (ii) with the number of 
flowers that produced fruit, and (iii) with the total seed set per individual in this population of 
golden banner. In contrast, conspecific neighbor density is negatively correlated with the number 
of fruits produced on a focal individual, indicating potential competition for pollinators, and 
possibly, also for soil resources among plants in a patch. 
 The entire population of T. divaricarpa in Elk Meadows flowered during a short 6 week 
time frame, with peak flowering occurring at 2.5 weeks from first flower (Figure 5). This is 
adaptive for species that benefit from outcrossing (receiving pollen from conspecific 
individuals), because the presence of conspecific neighbors increases the probability of receiving 
outcrossed pollen, thereby increasing the output of fully developed seeds (Roll et al. 1997; 
Ohashi and Yahara 1998; Feldman 2008; Caraballo-Ortiz 2011). Although pollinators were not 
quantified in the field during the present study, the attraction of pollinators is assumed to be of 
importance due to the observed presence of bumble bees foraging on T. divaricarpa throughout 
the flowering season (data not shown).  
At the individual plant level, a significant increase in the number of fruits produced with 
increasing flower density was expected, because individual fruits emerge from individual 
flowers. However, while the proportion of fruits aborted increased in plants with larger display 
sizes, larger plants still produced greater seed sets than plants with smaller displays, indicating 
that plants with larger displays have higher fecundity. One study on another species, Cirsium 
purpuratum (Asteraceae), found that the proportion of flowers visited by pollinators decreased 
with increasing display size, indicating potentially equal rates of geitonogamy, but a higher 
proportion of outcrossing in plants with larger displays (Ohashi and Yahara 1998). Another study 
with Lupinus texensis found that the number of filled seeds within a fruit, but not the number of 
- 12 - 
 
fruits produced, depends on whether the pollen received was outcrossed or geitonogamous, and 
how many ovules were successfully fertilized (Helenurm and Schaal 1996). The latter results 
suggest that pollinator visits may not strongly affect fruit production in legume species, but can 
potentially affect seed output. Alternatively, both aforementioned studies also suggest that, while 
larger displays are more attractive to pollinators, potentially leading to higher fitness in plants 
with larger displays, in the present study system, there may be a shortage of available pollinators, 
which could cause plants with larger display sizes to experience a deficit in the proportion of 
flowers pollinated, thereby reducing fruit and seed set per fruit. 
Competition for pollinators, and the quality of pollen delivered may also be influenced by 
the diversity of neighbors in the community. Previous research has found that heterospecific 
neighbors may attract a diversity of pollinators to a patch, but can result in a reduction in seed set 
for outcrossing focal species (Moeller 2004; Flanagan et al. 2010). Two mechanisms underlie 
this dichotomy. The first is that, even with a greater diversity of pollinators, the presence of co-
flowering species may result in more visits to heterospecific individuals between visits to a focal 
plant, thereby increasing deposition of heterospecific pollen onto stigmas (termed sexual 
interference) (Flanagan et al. 2010). Second, some neighbors may attract pollinators that either 
show no interest in a focal species, or are not adapted to pollinate it. The level of character 
overlap between co-occurring species is an important determinant of reproductive success in 
more diverse neighborhoods (Schuett and Vamosi 2010), and underscores the importance of 
having conspecific neighbors at the patch level. The synchronous flowering period, and 
aggregated distribution pattern seen in the present study system may be an adaptive mechanism 
to compete in the presence of heterospecific neighbors. 
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Aside from pollen quality, fruit production is also influenced by soil nutrient availability, 
whereby flowers on an individual are competing for available soil resources (Helenurm and 
Schaal 1996). In addition, resource competition between neighbors in a patch may lead to 
individuals being smaller, thereby producing fewer flowers, and as indicated by the results in the 
present study, having lower seed output.  Alternatively, there may be genetic constraints to fruit 
production, whereby an increased number of flowers is beneficial in attracting pollinators to 
maximize seed set (Gori 1989), but maximum fruit production is un-affected by pollinator visits. 
Both genetic and environmental factors likely play a role in determining fruit and seed output in 
this system. 
Knowledge of life history strategies and the mechanisms affecting reproduction in plants 
at the patch level is important for conservation of species in fragmented habitats (Aizen and 
Feinsinger 1994). Because the entirety of the population of T. divaricarpa flowers 
synchronously, the presence of co-flowering conspecific neighbors may be an important factor 
that can affect, either positively or negatively, the fecundity of this species. At the population 
level, the number of plants within the 14,760 meter
2
 Elk Meadows was high (at an estimated 
10,623 individuals) and these plants were found to be aggregated. The aggregated distribution of 
this population may be the result of a heterogeneous distribution of soil resources (Helenurm and 
Schaal 1996; Burkle and Irwin 2010), water dynamics in the soil, or potentially by the presence 
of competitors, or a combination thereof.  This aggregated distribution pattern, however, 
indicates that competition between neighbors, if present, may be a common occurrence among 
individuals at the patch level. In addition, the results of the self-compatibility experiment 
indicate that T. divaricarpa is self-compatible. This may increase reproduction when the 
presence of neighbors facilitates individual fecundity, but may also act to buffer against the 
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competitive affects of an aggregated distribution. For this system, there is currently a lack of data 
on the degree of self-compatibility and future studies should address this. 
In summary, my research provides support for previous studies that demonstrate 
individual flower display is a strong predictor of reproductive success, indicated in the present 
study by greater seed set in individuals with larger flower displays. Additionally, the density of 
conspecific neighbors may influence the level of competition, or facilitation for both biotic 
(pollinators) and abiotic (soil resources) factors, thereby affecting the fitness of all individuals in 
higher density patches. Future research should continue to examine the mechanisms underlying 
variation in individual fitness, affected by both individual display, and patch level conspecific 
neighbor interactions. Additionally, detailed studies focusing on the effects of outcrossed and 
geitonogamous pollen on seed set will help determine the exact mating system employed in T. 
divaricarpa. And finally, examining nutrient limitation in the Thermopsis genus will provide 
insight into how nutrients are allocated within and between individuals. Continued research into 
the effects of neighbors, both conspecific and heterospecific, and the impacts of density at the 
patch level is essential for the conservation of flowering plants as landscapes become 
increasingly fragmented, and threaten biodiversity and ecosystem function. 
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Figure 5: Phenology of 
Thermopsis divaricarpa, counted as 
the number of flowering 
individuals in the population. A 
plant was counted as flowering if it 
displayed at least one reproductive 
flower. Data collected between 
June 4 and Aug. 10, 2011 (Ordinal 
Date 155 through 222) 
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Density Number of Aborted Fruits Fruits Seeds/Fruit Seeds/plant 
Source R-square P R-square p R-square p R-square P 
Flowers 0.724 <0.0001 0.764 <0.0001 0.062 0.15 0.391 <0.0001 
Inflorescences 0.532 <0.0001 0.5 <0.0001 0.001 0.85 0.203 <0.01 
Neighbors 0.006 0.665 0.09 0.08 0.026 0.35 0.052 0.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: Summary statistics for the effects of the number of flowers on a focal plant and the local density of neighbors 
on different measures of plant fitness (number of aborted fruits, fruits produced, seeds per fruit and total seeds per 
plant). 
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Figure 6 The effect of flower 
number on the proportion of fruits 
aborted per individual (N=36). 
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